Abstract: Morphological variation across environmental gradients can indicate an organismal phenotypic response to the surrounding environment. The interaction of body shape and water movement creates physical forces that can affect the ecology and evolution of benthic organisms in stream systems. Magnitude and frequency components of flow regimes have been linked to morphological variation in body shape of fish and macrophytes, but very few attempts have been made to evaluate similar relationships in stream insects. The aim of our study was to evaluate body-shape variation in large nymphs of an insect species and to test for a correlation with natural streamflow fluctuations in a regional geographic space. We sampled Acroneuria lycorias (Plecoptera∶Perlidae) populations at 9 stream sites (8 systems) with an associated US Geological Survey stream gage. We calculated ecological flow statistics from daily discharge data, and we used 2-dimensional geometric morphometrics to describe variation in A. lycorias body shape. Multivariate analysis showed correlation of A. lycorias body shape with flow attributes. After correction for allometry, A. lycorias nymphs from streams with relatively high discharge and stable flow had an elongated streamlined body plan. Acroneuria lycorias nymphs from streams with relatively low discharge and flash flow had a short and wide (stout) body plan. Stream flows are under continuous natural and human-induced fluctuations, and our study provides information to help understand biological responses to hydrologic conditions.
Morphological variation across environmental gradients can indicate a phenotypic response of organisms to their surrounding environment. In the benthic region of streams, body-shape morphology connects hydrology to organism movement because morphological variation influences how organisms interact with the surrounding environment (Webb 1984 , Vogel 1994 , Oldmeadow et al. 2010 , Foster and Keller 2011 , Lancaster and Downes 2013 . A broad, deep body can help stabilize fish in unsteady swimming conditions (Meyers and Belk 2014) , and a streamlined shape can enhance steady swimming under increased stream discharge by reducing drag along the body (Blake 1983 , Webb 1984 , Vogel 1994 , Haas et al. 2010 , 2015 . In freshwater lakes, snail shell morphology can be predicted from hydrologic energetics produced from wave action. A shape response in the shell presumably can help support substratum attachment (Cazenave and Zanatta 2016) . Many stream insects control drifting behavior by adopting a particular shape. For example, Baetis and Ecdyonurus mayflies change body posture to a 'parachute' shape to engage in or prolong drift downstream (Oldmeadow et al. 2010, Lancaster and Downes 2013) . Thus, body shape is a tool for inquiring about organismal response to hydrologic conditions. Hydrologic conditions can be described via daily discharge measurements, collectively known as a flow regime. Flow regime is a major abiotic attribute in the ecology of stream systems (Richter et al. 1996 , Poff et al. 1997 , Monk et al. 2011 , Olden et al. 2012 . Stream flow regime can be characterized by decomposing daily discharge measurements into components, such as magnitude, frequency, duration, rate of change, and timing (Richter et al. 1996 , Poff et al. 1997 , Olden et al. 2012 . Magnitude comprises discrete discharge values, whereas frequency encompasses how often certain flow magnitudes occur. Both components can provide an indication of flow stability over a day, month, or annual time scale (Poff et al. 1997 ). Magni-E-mail addresses: tude and frequency flow components have been linked to variation in organismal morphology (Lytle and Poff 2004) . For example, an increase in the coefficient of variation (CV) of daily flow can induce macrophytes to invest energy in below-ground biomass to reduce dislodgement (BarratSegretain 2001) , and increased discharge is linked to reduced leaf area (Choudhury et al. 2014) . Streams with increased discharge harbor Blacktail Shiners (Cyprinella venusta) with an elongated, streamlined body shape (Haas et al. 2015) . Rusty crayfish (Orconectes rusticus) possess smaller bodies and shorter, broader chelae in high-magnitude flow (velocity) streams than in low-flow and lake systems (Perry et al. 2013) . Thus, predictable morphological changes from local adaptation or plasticity can be deduced from ecologically relevant flow information (Koehl 1996 , Lytle and Poff 2004 , Horrigan and Baird 2008 , Perry et al. 2013 . However, few investigators have addressed whether attributes of a flow regime can be used to predict body-shape variation in stream insects.
Nymphs cannot resist the force of free-flowing water in the same manner as fish do; thus, the interaction of bodyshape morphology and flow regime controls the ability of nymphs to find food and shelter and to remain in a preferred habitat (Hart and Finelli 1999 , Lancaster et al. 2006 , Statzner 2008 , Lancaster and Downes 2013 . Stream insects are under continuous threat of dislodgement through mechanical forces as they cling to substratum (Koehl 1984 , Vogel 1994 , Weissenberger et al. 1991 , Statzner 2008 , Lancaster and Downes 2013 . Drag and lift are the main mechanical forces working in concert to dislodge an insect by pulling and pushing the organism off the substratum (Franken et al. 2008 , Statzner 2008 , Perry et al. 2013 . Mechanical forces can be enhanced or reduced depending on the interaction of shape and fluid flow (Vogel 1994) . Therefore, certain flow regimes could serve as environmental filters for body shape because specific variation in body shape can reduce the mechanical forces experienced by a benthic organism (Statzner and Holm 1982 , Weissenberger et al. 1991 , Townsend and Hildrew 1994 , Vogel 1994 , Horrigan and Baird 2008 , Statzner 2008 , Menezes et al. 2010 .
Mechanical forces are more consistent in streams with stable high-magnitude flow than in streams with variable low-magnitude flow. In high-magnitude stable flows, insects might respond with a streamlined body shape (Vogel 1994) . In contrast, increased seasonality with variable daily flow can lead to fluctuations in the strength of mechanical forces in the benthic region. Such streams have a flash flow type. Insects might respond with a relatively stout shape because the necessity to mitigate mechanical forces is reduced and more temporary than in a stream with stable flow. Stable and flash flows significantly influence insect community composition and shift species traits in regulated (i.e., dam infrastructure) and unregulated flow situations (Willis et al. 2006 , Bruno et al. 2010 , Fuller et al. 2010 , Menezes et al. 2010 , Zuellig and Schmidt 2012 , Petrin et al. 2013 . If these predictions hold true, then the linkage of specific insect traits (body shape) with flow-regime attributes has potential to provide relevant ecological flow information, but very few investigators have evaluated the variation of insect body shape.
Insects in streams reside in the benthic region and are under hydrologic fluctuations similar to those experienced by benthic fishes and macrophytes. We think that variation in insect body shape in response to hydrologic conditions is plausible, given that such responses have been observed for other stream organisms. However, most studies of insect traits have been focused on growth/development or reproduction in a laboratory setting (Moreira and Peckarsky 1994 , Corkum et al. 1997 , Franken et al. 2008 , and variation in body shape of nymphs of stream insects has been overlooked. In field settings, investigators have focused on community trait composition, community taxonomic composition, ecological interactions, and overall system functioning , Perry et al. 2013 . A general framework for using insect traits in biomonitoring has been developed , Menezes et al. 2010 , Culp et al. 2011 ), but insect body shapes are poorly understood, and current descriptions lack specificity (Orlofske and Baird 2014) . Shape information is available from the US Environmental Protection Agency (EPA; Freshwater Biological Traits Database, https://www.epa.gov/risk/freshwater-biological -traits-database-traits) and other public databases (i.e., http:// www.freshwaterecology.info), but shape information is often derived from taxonomic descriptions with minimal ecological connection (Vieira et al. 2006, Orlofske and Baird 2014) . Trait databases often include a single description of an idealized shape for a genus (or species) with no mention of potential phenotypic variation across a geographic region. For some genera, no ecologically useful description of body shape is available (i.e., biomonitoring, mechanisms of mobility).
We broadened the scope of knowledge related to insect response to environmental conditions by focusing on commonly used flow descriptors. We used a regional geographic space coupled with natural hydrologic fluctuations to address emerging questions about insect adaptation and phenotypic or developmental plasticity based on body-shape morphology. The rise in technological and statistical power has facilitated a geometric morphometric (GM) approach to studying morphological shape variation in relation to environmental variables and in multiple dimensions (Zelditch et al. 2004 , Haas et al. 2010 , Orlofske and Baird 2014 . Our aim was to use a GM approach to evaluate the relationship between attributes of an ecological flow regime and body shape of a sensitive insect species, Acroneuria lycorias (Plecoptera∶Perlidae). We hypothesized that A. lycorias would exhibit considerable body-shape variation. We predicted that nymphs from high, stable-flow streams (relatively high magnitude, low frequency of hydrologic disturbance) would be more streamlined than nymphs from low, flashflow streams (relatively low magnitude, high frequency of hydrologic disturbance).
METHODS

Study sites
We used a geographic information system (GIS) approach to select sampling sites across northern Michigan, USA, based on the presence of a US Geological Survey (USGS) stream gage. We downloaded locations of active and inactive stream gages with ≥6 y of daily stream discharge data from the 2016 USGS National Water Information System (NWIS; http://maps.waterdata.usgs.gov/mapper/index .html), and exported the information as a shapefile for ArcGIS Desktop (version 10.3.1; Environmental Systems Research Institute, Redlands, California). Perlid stoneflies grow and develop in a stream for 1 to 3 y. Our choice of sites with a 6-y record of flow data ensured that we would capture the exposure of multiple generations of A. lycorias to the hydrology at a particular site (Moreira and Peckarsky 1994, Lancaster and Downes 2013) . We collected geomorphic data (i.e., substratum type, land use) from Michigan Department of Natural Resources Fishery Division river assessments and locally published watershed assessments. We downloaded Michigan land-cover data from the National Land Cover Database (Homer et al. 2015) . Site selection criteria included presence of a stream gage, mean annual discharge values <9.91 m 3 /s, physical characteristics of riffle habitats (gravel, cobble, boulder), varying degrees of land use/land cover, and soil type (silt, sand, clay) to represent a range of watersheds. We selected streams that were far enough apart to ensure that the populations under consideration were probably reproductively isolated. We also selected sites based on our ability to capture enough A. lycorias to meet our analytical requirements. In total, we chose 9 sites in 8 streams for analysis ( Fig. 1 Table 1 for site descriptions and codes.
station. Data for Ten Mile Creek were from 1971-1977, but land use in the region has not changed significantly in the intervening 40 y. We selected 2 sites in the Silver River because stream gage data were collected over a similar period at these sites. We sampled a 30-to 50-m section of the stream at each site. Sampled sections included the homogenous riffle habitat nearest to the stream gage because riffle habitat harbors greater numbers of sensitive taxa (Ephemeroptera, Plecoptera, Trichoptera, Odonata) than do other stream habitats (Holomuzki 1996 , Gregory 2005 , Carlson et al. 2012 , Amaral et al. 2015 .
Benthic sampling and discharge data
We sampled macroinvertebrates in accordance with the Canadian Aquatic Biomonitoring Network (CABIN) protocol (Environment Canada 2011) between 10 May and 20 June. We used a 4-min traveling kicknet (mesh size 5 500 lm) procedure and zigzagged across the selected area. The zigzag pattern provided a representative sample of macroinvertebrates across available microhabitats in the erosional zone of riffles, around cobble and large boulders in proportion to their occurrence in the habitat area (Environment Canada 2011). We collected benthic samples in 4-L plastic bins and fixed them with 10% formalin in the field. We extracted A. lycorias from samples by hand within 6 h of capture and stored them in 70% ethanol. We measured dissolved O 2 and temperature (YSI 55; Yellow Springs Instruments, Yellow Springs, Ohio), conductivity (YSI 30), and pH (Fisher Scientific, Accumet AP110, Hampton, New Hampshire) during benthic sample collection.
We downloaded the most recent 6-y records available for daily discharge for each site, and analyzed the data in R using the USGS package EflowStats (version 3.0.2; Thompson et al. 2013 ). EflowStats was designed by the USGS to work seamlessly with NWIS for calculation of ecological flow statistics to provide a fundamental description of a flow regime important for stream systems, similar to the Indicators of Hydrologic Alteration (IHA) and Hydroecological Integrity Assessment (HIA) Process software (Richter et al. 1996 , Poff et al. 1997 , Henriksen et al. 2006 , TNC 2007 , Archfield et al. 2014 . Seasonality (calculated as phase shift in a time series), mean and coefficient of variation (CV) of discharge were calculated on daily, weekly, monthly, and annual time scales. Specific minimum and maximum flow values also were calculated. Specific minimum/maximum refers to the mean annual minimum/ maximum flow magnitude of the time period relative to the drainage area of the sampling site (Thompson et al. 2013) . We standardized flow data to z-scores and used principal component analysis (PCA) to reduce the variables to differentiate stream sites based on descriptions of the type of flow present (i.e., stable, flash, seasonality, magnitude). We ran the PCA in the R package FactoMineR (Lê et al. 2008 ).
Sample processing
We identified 518 undamaged and undistorted A. lycorias nymphs for use in our study (Table 1) . Acroneuria lycorias were identified based on the presence of anal gills, the characteristic light 'M' branding on the head capsule, lack of occipital ridge, and dark coloration of the posterior tergites on the abdomen (Hitchcock 1974 , Hilsenhoff 1975 , Stark et al. 1998 , Stewart and Stark 2002 . We photographed nymphs in a straight plane (1807 horizontal, head to abdomen) with a PowerShot SX10IS 10MP digital camera (Cannon, Melville, New York) attached to a Stemi 2000-C-Ocular Stereoscope (Zeiss, Thornwood, New York) (Fig. 2) . We organized images by site and analyzed them in the suite of freely available thin- (Fig. 2) . We did not include mesothoracic and metathoracic wing pads in shape analysis to reduce possible effects of nymphal development. Each photograph was scaled and calibrated with a mm ruler in the image ('set scale' feature, tpsDig2). Landmarks 1 to 5 and 19 were used to 'unbend' nymphs along a 1807 plane (tpsUtil; Rohlf 2005b). We used the scaled photographs to conduct traditional (Appendix S1) and GM analyses.
GM GM analysis quantifies morphological shape using geometric coordinates in 2-or 3-dimensional Cartesian space instead of individual length measurements. A GM approach, which evaluates overall shape variability, minimizes the risk of failing to notice an important difference that might go unnoticed in traditional length measurements. We compiled images with landmarks (tpsUtil) and imported them into R for use in the geomorph package (version 3.0.2; Adams and Castillo 2013). We used a Procrustes superimposition analysis with bilateral symmetry to remove information not pertaining to shape, such as subtle differences in position, orientation, and magnification biases in the original digital images (Bookstein 1991 , Zelditch et al. 2004 , Klingenberg 2011 . From the Procrustes superimposition, we calculated a centroid size for each nymph. Centroid size is the geometric measure of size used to scale a configuration of landmarks and is the square root of the sum of squared distances to a set of landmarks from their centroid. The centroid is the 'balance position' if the individual were to be balanced on the head of a pin. We used the bilaterally symmetrized shape data from the Procrustes alignment in a PCA to obtain geometric shape variables for statistical analyses (Adams and Castillo 2013) . We used geometric shape variables and log (centroid size) to correct for allometry.
We evaluated effects of allometry with a multivariate analysis of covariance (MANCOVA) in geomorph with the procD.lm function. We used all 17 principal component shape variables (100% of shape variation) as dependent variables, log(centroid size) as the covariate, and sampling site as the main factor (Langerhans and Gifford 2007 , Langerhans 2009 , Franssen 2011 , Franssen et al. 2013 , Kelly 2015 . We included the log(centroid size) Â site interaction to test for differences in allometry among sites. The interaction term was not significant (similar multivariate allometry among sites), so we ran a reduced model with no interaction term. We tested the assumption of allometric slope homogeneity further with the procD.allometry function with the PredLine option Nistri 2010, Adams and Castillo 2013) . If this test is not significant, allometric slopes are similar, if not identical, across sampling sites and the effects of size can be removed through regression techniques (Klingenberg 2011) .
Shape analysis
The nonsignificant test for differences in allometry among sites and homogeneous allometric slopes enabled us to remove the effect of size from our morphometric analyses with the aid of the morphometric software program, MorphoJ (Klingenberg 2011) . We exported bilateral symmetrized shape data from the Procrustes superimposition from R and imported them to MorphoJ. We obtained the residuals from a pooled within-site regression with shape data as dependent variables and log(centroid size) as the independent variable (Klingenberg 2011 , Sidlauskas et al. 2011 . These residuals are shape data from which allometric effects have been removed (Klingenberg 2011) . We used the residuals to generate a covariance matrix for use in a PCA in MorphoJ to describe overall variation in body shape across sampling sites. We used a canonical variate analysis (CVA) of residuals from the allometric regression to describe the geometric shapes that best differentiated among sites. The CVA used Procrustes distance to test whether the sampling sites could be statistically distinguished based on multivariate data. The result from 10,000 iterations is a description (ordination in space) of body shapes that best differentiated among sampling sites, relative to within-group variation (Webster and Sheets 2010, Klingenberg 2011 ). We constructed wireframe grids in MorphoJ graphics to visualize shape changes along PCA and CVA axes. Wireframe grids are a visualization of connected lines between landmarks depicting the overall shape.
We used multivariate regressions to identify relationships among flow variables and body shape. We exported the scores along the first 3 PCA and CVA shape axes from MorphoJ and into the R package geomorph. We used these scores as dependent variables and the composite coordinate site score from the 1 st and 2 nd axes of the hydrologic PCA for each sampling site as predictive variables in the procD.lm function of geomorph. We used the hydrologic PCA scores because discharge is described by multiple measurements (e.g., relatively high mean discharge and low seasonality) and any effect of flow variables on body shape could be cumulative. We used site as a random factor via the nested.update function for procD.lm Castillo 2013, Collyer et al. 2015) to account for unequal sample sizes and the fact that 9 is a very small number of sampling sites given the total number of streams in which A. lycorias lives.
RESULTS
Flow variables
Stream-gage data revealed differences among streams based on 13 flow variables (hydrologic PCA; Fig. 3 ). Together, the first 2 principal components accounted for 83.70% of the flow variation. The greatest separation was between streams with stable and flash flow regimes. Axis 1 described average monthly and relative discharge stability and accounted for 53.74% of flow variation. Monthly and annual mean discharge conditions, constancy of flow from day to day, specific minimum annual flow, and predictability were significantly positive ( p < 0.001), whereas annual runoff, specific annual maximum flow, CV of daily discharge, and phase (seasonal signal) were significantly negative (p < 0.001) along the 1 st axis. Axis 2 described flow variation and seasonality over the course of the year and accounted for 29.96% of flow variation. Seasonal signal (phase shift), annual runoff, specific annual maximum, and CV of daily discharge were strongly and significantly positive ( p < 0.001), whereas predictability, specific minimum discharge, and constancy were significantly negative ( p < 0.001) along the 2 nd axis. The Brule and Middle Branch Ontonagon Rivers had characteristics of stable flow. These sites had lower variability of daily and annual discharge, higher predictability, and a lower seasonal signal (phase) than other streams. The Brule (7.282 m 3 /s) and Black (6.581 m 3 /s) rivers had the greatest average magnitude discharge (Table 1) . Conversely, Ten Mile Creek and the Peshekee and Silver rivers showed characteristics indicating flash flow. The seasonal signal (phase) and variability of daily and annual discharge led to lower constancy and predictability of hydrologic conditions than at other streams. The southern site on the Silver (0.696 m 3 /s) and the Yellow Dog (0.817 m 3 /s) rivers had the lowest average magnitude flow.
Overall shape morphology
Acroneuria lycorias exhibited considerable variation in overall body shape across streams, and allometry did not differ among sampling sites (full MANCOVA, log[centroid size] Â site interaction, p > 0.05; Table 2 ). Shape was related to geometric size and differed among sampling sites (reduced MANCOVA, p < 0.001; Table 2 ).
Overall A. lycorias body shape can be summarized as 2 types at each end of a gradient from 'stout' to 'streamlined'. Shape differences were predominantly a result of variation in the abdominal and head-capsule regions (Fig. 4A) . The first 4 principal components (PCs) accounted for 89.74% of overall body-shape variation (Fig. 4A) . Elongation of the abdominal area and head capsule accounted for 51.87% of the variation in shape along PC1. An intermediate shape with a shortened abdomen and decreased head and pronotum width accounted for 25.90% of shape variation along PC2 (Fig. 4A) . Other shape differences were minor and accounted for <10% of the total shape variation.
CVA corroborated overall shape variation exhibited in the PCA. The first 3 canonical variates (CVs) described 78.89% of the shape variation among sites and distinguished A. lycorias across sampling sites through 2 body shapes (Fig. 5A, B) . The 1 st CV described a body plan characterized by elongated abdominal and head-capsule regions (33.32% shape variation), whereas the 2 nd CV described a body plan characterized by a wide abdomen, pronotum, and head capsule (28.18% shape variation).
Flow variables and shape morphology
The degree of streamlining of body shape was significantly correlated with hydrologic variables (multivariate regression with morphological PCA axis scores and CVA axis scores, both p < 0.001; Table 3 , Figs 3, 4A, B, 5A, B) . Stream sites with increased monthly and annual average discharge, constancy, and predictability harbored nymphs with a streamlined body shape. Nymphs from stream sites with relatively low, variable discharge and increased seasonality exhibited a stout body shape ( p < 0.001; Table 3 ). A stout body shape was associated with the Silver (both sites) and Peshekee Rivers. Acroneuria lycorias collected from the Silver and Peshekee Rivers were, on average, >2Â stouter than A. lycorias collected from the Brule River and Middle Branch of the Ontonagon. Body shape of nymphs collected from Ten Mile Creek and the Sturgeon River were between these groupings along PC1, with neither exhibiting a clear Figure 3 . Results of principal component analysis (PCA) of flow variation among sampling sites. Gray dotted arrows in the correlation circle denote trajectories of allometry-corrected Acroneuria lycorias body-shape PCA and canonical variate analysis (CVA) morphological axis scores and were added to aid interpretation as supplementary quantitative data. Daily CV 5 coefficient of variation of daily discharge. Specific annual maximum, specific annual minimum April mean, May mean, June mean, July mean, August mean, and September mean refer to discharge values. Dim 5 PC axis. See Table 1 for site abbreviations. trend toward streamlined or stout (Fig. 4B) . Ten Mile Creek and the Sturgeon River were relatively high on PC2, which described the intermediate body shape (Fig. 4B) .
DISCUSSION
The interaction of body-shape morphology and flowing water creates physical forces (i.e., drag and lift) that place tremendous pressure on stream animals to remain in a preferred habitat. Variation in a functional trait, such as body shape, can alter the way an organism interacts with the surrounding environment. This interaction has been highlighted in fish (Langerhans 2009, Meyers and Belk 2014) , macrophytes (Choudhury et al. 2014) , and crayfish (Perry et al. 2013) but has yet to be addressed fully in stream insects (Orlofske and Baird 2014) . Our shape analysis of large nymphs indicates that A. lycorias possesses considerable body-shape variation that is correlated with attributes of the flow regime. Nymphs in streams with increased discharge and characteristics of stable flow exhibited an elon- A.-Individual and cumulative proportion of morphological variation explained by the first 4 PCs. Black outlines are shapes of Acroneuria lycorias nymphs collected at the extreme ends of each axis, and gray is the consensus morphology (average for 518 nymphs). B.-PC1 and PC2 with ellipses representing 95% confidence intervals for site means. See Table 1 for site abbreviations. Flow variables next to the axes are significant axis loadings from Fig. 3 (see Fig. 3 for variable abbreviations). gated, streamlined body plan. Nymphs in streams with relatively low discharge and characteristics of flash flow exhibited a stout body plan. These body shapes are consistent with morphologies that would enable large nymphs to mitigate drag and lift forces to remain attached to substratum.
A stout shape has a consequence of increased pressure differences in front and behind the animal as the contour angle in the posterior region (abdomen) is steepened. Increased contour angles increase separation of water layers behind the animal. Increased flow separation leads to a higher propensity for pressure drag to develop and act on the animal Holm 1989, Vogel 1994) . A wide head and abdomen also can enhance lift because increased surface area allows increased pressure differences to develop. Relative lift could be lower in low-flow environments than in high-magnitude flows, thereby supporting our observation of this body plan in the Silver River. Nymphs from the Peshekee River also exhibited a relatively stout body shape, but the mean discharge in this river was 3 rd highest among our sites. We did not evaluate fine-scale local habitat hydraulics, which could be a driver of variation in the Peshekee River.
A streamlined body can reduce pressure differences in front of and behind the animal. Streamlining reduces the separation of water layers behind the animal by gradually reducing the contour angle of the abdomen, resulting in reduced pressure drag on the animal (Statzner 1988 , Vogel 1994 . A streamlined nymph can further reduce drag by dorsoventral flattening, but this posture could enhance lift by increasing the surface area for pressure differences to develop. Streamlining without dorsoventral flattening may not reduce lift, but does reduce the major mechanical force of pressure drag under high-magnitude flows (Vogel 1994) . Therefore, streamlining could be an appropriate response in high-discharge streams with stable flow, such as the Brule and Middle Branch of the Ontonagon Rivers. Table 1 for site abbreviations.
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Mechanism of flow regime correlation Stout and streamlined body shapes could arise from multiple mechanisms. The size and shape of benthic macroinvertebrates can be viewed as adaptations to flowing water in stream habitats (Ambühl 1959 , Statzner and Holm 1982 , Statzner 1988 , 2008 , a gradient of plasticity in response to forces associated with the moving fluid (Statzner 2008 , Perry et al. 2013 , Orlofske and Baird 2014 , or an interaction of both. A performance-dependent fixed trait arising from environmental effects on a different trait also could be a potential explanation (Koehl 1996) . All 3 mechanisms could be responsible for the morphological differences we observed, but our data do not provide evidence to indicate which mechanism is responsible for the morphological differences. Seasonal flows increased along a gradient of stream sites with increased latitude, but we have no detailed measurements of phenotypic expression that would provide evidence to support local adaptation. We also lack behavioral observations that might provide insight into performance and functionality of different body plans. We did identify a relationship between morphology and attributes of stable or flash flow types (Table 3, Figs 4A, B, 5A , B), but we are unable to argue whether the morphology is a phenotypically plastic trait or the observed variation is a result of developmental plasticity within the individual. Future developmental work in a laboratory setting could identify the degree of plasticity.
Some investigators have suggested that a difference in shape has less to do with hydrologic forces than with the age of the nymph (Statzner 1988, Statzner and Holm 1989) . Young and old A. lycorias interact with the fluid flow in different ways because of size-dependent flow dynamics. Small or newly hatched nymphs possess a lower Reynold's number than large nymphs. An optimal shape for small A. lycorias would be hemispherical where nymphs protrude into the water column (Vogel 1994) . A hemispherical body plan would lead to a steep descent of the posterior abdomen and would reduce the predominant frictional forces acting on the individual (Statzner and Holm 1989) . Pressure drag is a lesser concern for small individuals because any force the animals experience would be driven by viscosity (Statzner 1988 , Statzner and Holm 1989 , Vogel 1994 ).
The differences we found are unlikely to be a result of age (and hence, size) because body lengths were similar among sampling sites, time of collection was during the main part of the emergence period (late May-early June) in northern Michigan, and all size ranges indicate that we collected large and mature (or nearly mature) nymphs (Hitchcock 1974;  Table 1 ). In addition, a central aspect of using a GM approach is that the effect of size is removed during the analysis. Bias for young nymphs across sampling sites (variation in the effect of size on shape) would have been apparent in our MANCOVA. The pooled within-site allometric regression in MorphoJ also removed effect of size (Klingenberg 2011) . Early-instar growth and development of a different stonefly genus (Nemoura sp.) shifted in response to differing flow and substratum conditions in a laboratory study (Franken et al. 2008) .
Environmental conditions and body shape
Environmental conditions other than hydrologic forces could alter body morphology of stream organisms. Predation and ultraviolet radiation have been linked to polymorphism in snail shells (Ahlgren et al. 2013) . Predator cues and diet induce plasticity in body shapes of the Crucian Carp (Carassium carassius) (Andersson et al. 2006 , Domenici et al. 2008 ) and induce character displacement in Leuctra fusca stoneflies (Bravi 2014 Table 3 . Multivariate regression statistics based on the first 3 morphological principal components (PC1-3; 86.18% shape variation; Fig. 4A , B) and canonical variate axes (CV1-3; 78.89% variation; Fig. 5A, B 2012) and atrazine (Murphy et al. 2006 , Langlois et al. 2010 ), also have been described. We measured temperature, pH, conductivity, and dissolved O 2 in our study but found no body-shape variation associated with any of these variables. However, variables outside the scope of our study (i.e., predation, substratum, local bed hydraulics) have potential to influence body-shape morphology because these variables probably do account for unexplained variation in our study. Nevertheless, flow regime components are the major abiotic variable in stream systems and their linkage to other stream organisms is well documented. Fish in streams possess a much more elongated (streamlined) body shape than individuals of the same species in lake systems (Foster et al. 2015) . Bullhead Minnows (Pimephales vigilax) in a reservoir above a dam showed a rapid morphological shift to increased body depth relative to populations in the stream below the dam (Cureton and Broughton 2014) . Rainbow Guppies (Poecilia reticulate) have smaller heads, shallower anterior bodies, and longer caudal peduncles under increased free-stream velocity (Hendry et al. 2006) . These fish examples highlight the influence of hydrological attributes on the body shape of stream organisms. Our study adds to the literature addressing the links between morphological variation and attributes of the flow regime.
Conclusion
Hydrologic conditions place labile biologic traits of stream organisms under selective pressure (Lytle and Poff 2004 , Franken et al. 2008 , Perry et al. 2013 , Orlofske and Baird 2014 . Variation in A. lycorias nymphal body shape is correlated with attributes of the stream flow regime. Streamlined nymphs were collected from streams with relatively high magnitude and stable flow, whereas stout nymphs were collected from streams with relatively low magnitude and flash flow. A morphological response to a streamlined body plan enables A. lycorias to reduce the effect of mechanical forces in the benthic region and to enhance its ability to remain in a preferred habitat. Future work should address the ecological functionality (i.e., organism movement) of phenotypic variation within A. lycorias and other species and genera. Use of a GM approach in a controlled growth and developmental study would help identify the mechanism responsible for variation and would be useful in explaining ecological sensitivity to certain flow types.
